Microbial mats in marine cold seeps are known to be associated with ascending sulfide-and methane-rich fluids. Hence, they could be visible indicators of anaerobic oxidation of methane (AOM) and methane cycling processes in underlying sediments. The Napoli mud volcano is situated in the Olimpi Area that lies on saline deposits; from there, brine fluids migrate upward to the seafloor. Sediments associated with a brine pool and microbial orange mats of the Napoli mud volcano were recovered during the Medeco cruise. Based on analysis of RNA-derived sequences, the "active" archaeal community was composed of many uncultured lineages, such as rice cluster V or marine benthic group D. Function methyl coenzyme M reductase (mcrA) genes were affiliated with the anaerobic methanotrophic Archaea (ANME) of the ANME-1, ANME-2a, and ANME-2c groups, suggesting that AOM occurred in these sediment layers. Enrichment cultures showed the presence of viable marine methylotrophic Methanococcoides in shallow sediment layers. Thus, the archaeal community diversity seems to show that active methane cycling took place in the hypersaline microbial mat-associated sediments of the Napoli mud volcano.
Introduction
Over 200 mud volcanoes have been found along the northern flank of the Mediterranean Ridge in the Eastern Mediterranean Sea (13). The formation of the Mediterranean Ridge is linked to the collisional tectonics between the African and Eurasian plates, resulting in intensive faulting (19) . Within the Mediterranean Ridge, the Olimpi area, situated south of Crete, is a dynamic environment containing active seepage of mud, fluid, and brines. During the Messinian salinity crisis, evaporites Laboratories, Hercules, CA) on 8% (w/v) polyacrylamide gels (40% acrylamide/bis 193 solution 37.5:1 Bio-Rad) with a gradient of denaturant between 20% and 60%. A 194 denaturing gradient gel consists of [100% denaturant equals 7M urea and 40% (v/v) 195 formamide]. Gels were poured with the aid of a 30 mL volume Gradient Mixer (Hoefer 196 SG30, GE Healthcare, Buckinghamshire, UK) and prepared with 1 X TAE buffer (MP 197 Biomedicals, Solon, OH, USA). Electrophoresis was carried out at 60°C, 200 V for 5 198 hours (with an initial electrophoresis for 10 min at 80 V) in 1 X TAE buffer. 199
Polyacrylamide gels were stained with SYBRGold nucleic acid gel stain (Invitrogen, 200 San Diega, CA) for 30 min, and viewed using the Typhoon 9400 Variable Mode 201
Imager (GE Healthcare, Buckinghamshire, UK). The reverse transcription reaction mix was incubated at 42°C for 2 min. A 200-unit 213 aliquot of M-MuLV reverse transcriptase was added prior to a 80 min incubation at 214 42°C for the reverse transcription of the RNA into complementary DNA (cDNA). The 215 reaction was then stopped by heating at 70°C for 15 minutes. The cDNA end product 216 was used as a template for archaeal 16S rRNA gene based PCR using the primerset 340F/915R. The PCR amplification involved 20 cycles of 94°C for 1 min, 71°C to 218 61°C (touchdown -1°C per cycle) for 1 min, and 72°C for 2 min. PCR products were 219 purified with the QIAquick Gel Extraction kit (QIAGEN, Hilden, Germany) The mcrA genes were amplified using the ME1 (5'-GCMATGCARATHGGWATGTC-230 3') and ME2 (5'-TCATKGCRTAGTTDGGRTAGT-3') primers (20). The PCR 231 conditions were as follows: denaturation at 94°C for 40 s, annealing at 50°C for 1'30 232 min, and extension at 72°C for 3 min, for 30 cycles. PCR products were purified on a 233 1% agarose gel using the QIAquick Gel Extraction kit (QIAGEN, Hilden, Germany) 
RESULTS and DISCUSSION 279
Geochemical and biological characteristics. 280
Observation of large orange-pigmented mats on the surface of the sampled sediment 281 core and direct microscopic examination of filamentous morphology indicated that the 282 bacteria were possibly members of genera Beggiatoa or Thioploca, as reported 283 elsewhere (46, 56) . 284
Profiles of sulfate and chloride concentrations in porewater sediments underlying the 285 orange microbial mats were anticorrelated. The chloride porewater profile showed an 286 increase in concentration with depth ( Fig. 2) , reaching 1200 mM at 10 cmbsf, which 287 is more than 2 times higher than normal seawater concentrations (600 mM, (13)). 288
The sodium concentrations showed a similar increase with depth (Supplementary 289 material. SM1), reaching 1224 mM at 10 cmbsf, which is also more than 2 times 290 higher than normal seawater concentrations (492 mM, (13) by the orange-pigmented mat bacteria showed chloride concentrations of 700 mM, 295 and could be influenced by the brine pools contiguous to the filamentous bacteria on 296 the seafloor. Moreover, bacterial mats are a common feature found in habitats 297 influenced by hypersaline brine fluid intrusions (43, 48) . 298
The sulfate porewater concentrations showed a slight decrease with depth ( Fig. 2) , 299 which could suggest sulfate reduction. Sediments associated with orange-and white-300 pigmented Beggiatoa mats have been shown to host high rates of sulfate reduction, 301 probably a combination of increased substrate availability in the seep fluids, and of 302 rapid sulfate recycling within the sulfur-oxidizing bacterial mat (43, 48 The DGGE fingerprints (Fig. 3A ) generated from DNA samples extracted from 314 sediment layers associated with orange-pigmented microbial mats of the Napoli mud 315 volcano displayed a complex and diverse distribution of the archaeal communities. 316
The resulting dendrogram (Fig. 3B ) of the DGGE pattern highlighted clear changes in 317 populations with depth in two separate clusters. The first cluster grouped depths 0 to 318 4 cmbsf, and the second the 4 to 10 cmbsf sediment layers, suggesting a change in 319 archaeal populations at 4 cmbsf, with increasing depth and salinity. This shift could 320 be linked to the presence of the bacterial filaments in these sediments. Indeed these 321
filaments belonging to what is commonly called "Big Bacteria" could have locally 322 modified the geochemical conditions in the surrounding sediments (56), therefore 323 affecting the microbial community diversity in the upper 4 cm. Salt concentrations 324 might also have affected the depth distribution of the microbial communities, as 325 reported elsewhere (28) . 326
According to the statistical analysis of the DGGE pattern indicating a shift in the 327 archaeal community at 4 cmbsf, we constructed two RNA-derived 16S rRNA gene 328 libraries for depths 0-4, and 6-10 cmbsf. A total of 55 archaeal RNA-derived 16S 329 rRNA gene sequences were analysed for the 0-4 cmbsf section, and 72 for the 6-10 330 cmbsf section. Rarefaction curves generated for the RNA-derived 16S rRNA genes 331 indicated saturation (Supplementary material. SM2), while percent coverage was 332 determined to be 40% and 72.2% for the 0-4 and 6-10 cmbsf sections respectively. 333
Hence coverage analysis suggests that the full diversity of archaeal 16S rRNA 334 sequences was not exhausted and that a greater diversity remains to be detected 335 within these sediments. Simpson's diversity indices (57) were calculated for each 336 section, and indicated a decrease in archaeal diversity with depth (D=0.9554 for the 337 0-4 cmbsf section, and 0.9109 for the 6-10 cmbsf section). 338
The phylogenetic trees of the RNA-derived 16S rRNA gene libraries showed high 339 archaeal diversity and a majority of sequences most closely related to environmental 340 clones from mud volcano sediments of the Mediterranean Sea (i.e. Milano, Kazan, 341 Chefren), marine sediments and subseafloor sediments (i.e. Peru margin). Thirtyeight OTUs belonging to archaeal uncultured groups were dected in the 0-4 cmbsf 343 sediment layer 16S gene library, belonging to two major groups (Fig. 4 and 5) : 344
Marine Benthic Group D (MBG-D, 40.5%) and Rice Cluster V (RC-V, 40.5%). The 345 other minor groups that were detected also belong to uncultured archaeal lineages 346 (Fig. 4 and 5 to uncultured archaeal groups were detected as well (Fig. 4 and 5) , i.e. TMEG, 356
Marine Benthic Group E (MBG-E), and MBG-B. Two clones were affiliated with the 357 methanogenic order Methanosarcinales, one with the anaerobic methanotrophic 358 group ANME-3, one with the Rice Cluster II, which are surmised to be involved in 359 methane production (18), and finally one clone (NapMat-6_10-rtH01) was affiliated 360
with an extreme halophilic Archaea of the Halobacteria (47). Most of the sequences 361 only detected in the 6-10 cmbsf section (i.e. MBG-B, MCG, and TMEG) were closely 362 related with sequences retrived from subsurface sediments of the Peru margin (7, 363 60) . 364
Intriguingly, RC-V members were presumably active in the 0-4 cmbsf sediments 365 underlying orange-pigmented mats. The RC-V were first discovered in an anoxic 366 flooded rice paddy soil (18), detected in many freshwater sediments (12, 17, 67, 68) ,and were recently shown to be active in tubeworm populated sediments of the 368 Storegga Slide (34). The intralineage levels of rDNA similarity of the RC-V 369 sequences were low highlighting that this group seems to be phylogenetically very 370 diverse. This could suggest diverse metabolic activities and physiologies. RC-V were 371 also previously observed in cold coastal waters of the Mackenzie River in 372 northwestern Canada, rich in suspended particles (16). The authors suggested that 373 RC-V were linked to detrital decomposition. The Napoli sediments in which the RC-V 374 were detected had a high organic matter content (data not shown), which could 375 support the hypothesis of an organotrophic metabolism. This study is the first to 376 report occurrence of probable active members of the RC-V in hypersaline sediments. 377
Also, sequences affiliated with the RC-V were not detected in the 6-10 cmbsf 378 sediment layers where salinity reached 1300 mM, suggesting that members of the 379 RC-V probably do not tolerate high salt concentrations. mcrA group a/b (ANME-1 as defined by Hallam et al, (22) ), mcrA group c/d (ANME-402 2c) and mcrA group e (ANME-2a). The majority of the mcrA clones were related to 403 the ANME-2a at 2-4 cmbsf (58.3%), followed by the ANME-1. The ANME-2c 404 sequences represented only a small portion of the ANME in the gene library. At the 405 8-10 cmbsf section, the ANME-1 became the dominant group (65.6%), followed by 406 the ANME-2c, and the ANME-2a represented only a small proportion of the ANME in 407 the gene library. 408
Sediments underlying bacterial mats seem to constitute hot spots for AOM (43) (52), and in sediments covered with 414 white-pigmented mats of the Gulf of Mexico (43). It has been suggested that ANME-2 415 may be more active at low temperatures compared to ANME-1 (44). Temperature 416 gradient measurements of the active center of the Napoli mud volcano showed littleincrease of temperature with depth down to 160 cmbsf, with an average temperature 418 of 14°C (Lazar et al., unpublished data) . It has also been suggested that ANME-2 419 dominate sediment layers with high sulfate concentrations whereas ANME-1 seem to 420 be found in sediment layers with low sulfate concentrations (31). Therefore, the 421 distribution of the ANME-2 in the Napoli mud volcano sediments could support these 422 assessments (Fig. 7) . 423 ANME-1 Archaea have been detected in various environments. In hypersaline 424 sediments of the Gulf of Mexico, the community of ANME was found to be limited to 425 the ANME-1b, which were probably active (36). The authors suggested that the 426 ANME-1b preponderance could be explained by the high salinity of the site (chloride 427 concentration was 2200 mM), and that ANME-1b could be a high salinity adapted 428 subpopulation. The increase in ANME-1 sequences with depth and with chloride 429 Gene sequences recovered in this study from Napoli mud volcano sediments are in NapMat-6_10-rtC02
NapMat-6_10-rtE12
Clone 6H2_D22 (DQ301974) Deep marine subsurface sediments NapMat-6_10-rtC10 (+3)
NapMat-6_10-rtD09
NapMat-6_10-rtG05
Clone 1H5_F10 (DQ301992) Deep marine subsurface sediments
NapMat-6_10-rtA03
Clone TWP1 Clones with designation beginning NapMat-2_4 are from the sediment section 2 to 4 cmbsf, and NapMat-8_10 from sediment section 8 to 10 cmbsf. Numbers in parenthese indicate the number of analyzed clones that have more than 97 % nucleotide sequence identity, and more than 99 % amino acid sequence identity. The scale bar indicates 10 % estimated difference. ANME, Anaerobic Methanotroph. 
